General Introduction
Previous work using silica nanoparticles has shown that they can increase the toughness of epoxy polymers, and also increase their cyclic-fatigue performance [1, 2] . The toughening mechanisms have been previously reviewed and identified [2] . However, with such tougheners the measured increases in the fracture toughness are relatively small compared to those that can be achieved using phase-separable rubbers, e.g. [2] . Notwithstanding, in the case of fibre-composites, often a relatively small increase in the toughness is all that is needed to ensure the successful application of the composite material. Since, (a) a small increase in the matrix toughness may be sufficient to stop microcracking during manufacture of the fibre-composite component, and/or (b) other toughening mechanisms such as fibre-bridging may also enhance the toughness of the fibre-composite compared to that of the bulk polymer matrix. Finally, and most noteworthy, the combination of a phase-separable rubber (with a resulting particle diameter of the order of micrometres) together with the silica nanoparticles, to give a 'hybrid' toughened epoxy, has been shown to give a synergistic toughening effect in the bulk epoxy polymer [3], i.e. the measured fracture energy is greater than the sum of the individual toughening effects from the two types of particle. Thus, these 'hybrid' epoxy polymers may indeed possess a very high level of toughness. The present paper extends these studies to composite materials and investigates the role of silica nanoparticles in an anhydride-cured epoxy polymer in bulk and when used as the matrix of carbon-and glass-fibre reinforced composites. The formation of 'hybrid' materials, using a carboxyl-terminated butadiene-acrylonitrile rubber toughener together with the silica nanoparticles, is also discussed. The present work also extends a previous [2] model to predict the toughening effect of nanoparticles in a thermoset matrix.
Experimental

Bulk Materials
The materials were based upon a single-component hot-cured epoxy formulation. The epoxy resin was a standard diglycidyl ether of bis-phenol A (DGEBA) with an epoxide equivalent weight (EEW) of 185 g/eq, 'LY556' supplied by Huntsman, UK. The reactive liquid carboxyl-terminated butadieneacrylonitrile (CTBN) rubber (which gives rise to micrometre-sized particles upon curing) was obtained as a CTBN-epoxy adduct with a rubber concentration of 40 wt.% in a DGEBA epoxy resin, namely 'Albipox 1000' (EEW = 330 g/eq) from Nanoresins, Germany. The silica (SiO 2 ) nanoparticles were obtained at a concentration of 40 wt.% in a DGEBA epoxy resin (EEW = 295 g/eq) as 'Nanopox F400' from Nanoresins. The curing agent was an accelerated methylhexahydrophthalic acid anhydride, 'Albidur HE 600' (AEW = 170 g/eq), also supplied by Nanoresins. The DGEBA epoxy resin was mixed with the epoxy containing the silica nanoparticles and/or the CTBN-epoxy adduct to give the required levels of silica nanoparticle and/or rubber modification. A stoichiometric amount of the curing agent was added to the mixture, which was stirred thoroughly and degassed at 50°C and -1 atm. The resin mixture was then poured into a release-agent coated steel mould to produce plates from which bulk specimens could be machined. The specimen plates were cured at 90°C for 1 hour and then post-cured at 160°C for 2 hours. The compact tension specimens produced were used to determine the values of the fracture energy, G C, of the bulk epoxy.
THE TOUGHNESS OF EPOXY POLYMERS AND FIBRE COMPOSITES MODIFIED WITH RUBBER MICROPARTICLES AND SILICA NANOPARTICLES
Composite Laminates
The modified matrices were infused into the fibrereinforced composite systems; and both glass-fibre reinforced-polymer (GFRP) and carbon-fibre reinforced-polymer (CFRP) composites were studied. Unidirectional and quasi-isotropic GFRP panels were manufactured using a resin infusion under flexible tooling (RIFT) method. Unidirectional (UD) GFRP composites were produced using 'UT-E500' from SP Systems, UK, to produce 12 ply, 6 mm thick composites with a poly(tetrafluoroethylene) (PTFE) insert placed in the mid-plane to initiate a starter crack. Quasi-isotropic (QI) plates, 4 mm thick, were prepared using 8 plies of a biaxial stitched non-crimp fabric, 'XE450/1200' supplied by SP Systems, UK. These were laid up in a balanced symmetric lay-up to give a '0/0' interface across the fracture plane. A natural pre-crack was again initiated via a PTFE insert film. The CFRP panels were manufactured from a woven-fabric mat using a vacuum-assisted resin transfer moulding (VARTM) method. These were produced by stacking a linen-weave '0/90' fabric mat supplied by Lange-Ritter, Germany, again with the addition of a PTFE insert to initiate the starter crack. The composite panels were cured under the same cure regime as the bulk epoxy polymer. Doublecantilever beam specimens were cut form the composites sheets and used to determine the interlaminar fracture energy, G C (composite), of the composites.
Results and Conclusions
The structure/property relationship of an anhydridecured epoxy modified with silica nanoparticles and/or rubber microparticles has been investigated. Microscopy showed that the silica nanoparticles were well-dispersed in the epoxy. However, in the 'hybrid' epoxy-polymer, which contained both silica nanoparticles and rubber microparticles, some agglomeration of the silica nanoparticles was observed. The fracture energy, G C , of the bulk epoxy polymer was increased from 77 to 212 J/m 2 by the addition of 20 wt.% silica nanoparticles. The observed toughening mechanisms were debonding of the epoxy polymer from the silica nanoparticles, followed by plastic void growth of the epoxy. Localised plastic shear-banding in the polymer was also observed. The largest increases in toughness were from the formation of the 'hybrid' epoxy polymers, which contained both silica nanoparticles and rubber microparticles, and here a maximum fracture energy of 965 J/m 2 was measured. The increases in the toughness of the bulk epoxy polymers were transferred to the fibre composites; and the interlaminar fracture energy, G C (composite), of the fibre-composites was typically even further enhanced by fibre bridging, fibre debonding and fibre pull-out mechanisms coming into play for the composite materials. A previous model has been extended to predict the toughening effect of silica nanoparticles in a thermoset polymer to include the effects of shear banding, as well as plastic void growth of the epoxy polymer. There was excellent agreement between the predictions and the experimental data for the epoxy polymer containing silica nanoparticles. This model has also been used to predict the toughness of an epoxy containing micrometre-sized glass particles, and again good agreement was observed compared to the experimental data. Finally, both the theoretical and experimental studies clearly reveal the benefits of using silica nanoparticles, as opposed to much larger micrometre-sized silica particles, in terms of observing a relatively high toughness for the modified epoxy polymer and resulting fibrecomposite.
